INTRODUCTION
Most invertebrates possess a non-collagenous extracellular matrix (ECM) surrounding their epidermis. In this ECM, chitin microfibrils are embedded in a proteinaceous matrix. Several studies have shown that the tube worm Riftia pachyptila was an accurate model to determine the sequence steps of such ECM morphogenesis [1, 2] . This giant organism (up to 2 m in length) is found in an extreme environment, around deep-sea hydrothermal vents [3] . This gutless worm, housing endosymbiotic bacteria, inhabits a tube made of chitin associated with proteins [4] .
Previous studies have shown that chitin-secreting glands (also called pyriform glands) are involved in the production of the tube wall [5, 6] . The efficiency of such a huge cellular system explained the tremendously high growth rate that these exoskeletons can reach in situ [7] and in i o [8, 9] . These results were obtained with chitin as a molecular marker for tube wall formation but very little is known today about its ECM proteins, although it is generally admitted that chitin-secreting glands are the site of tube components secretion [3, 5, 10] .
Results obtained on the composition of the Riftia pachyptila tube wall have shown that the protein fraction of this exoskeleton contains several peculiar proteins such as RP43, a 43 kDa polypeptide [11] , which was detected through the whole length and thickness of the tube wall. Such a distribution suggests that RP43 might be a protein involved in binding chitin or in stabilization of the tube structure.
The present paper reports the molecular cloning of RP43 cDNA and its deduced amino acid sequence. To specify the Abbreviations used : C1r/C1s, subcomponents of C1, the first component of complement ; CUB, 100-110-residue-spanning domain first reported in C1r/C1s, epidermal-growth-factor-related sea urchin protein and bone morphogenetic protein 1 ; ECM, extracellular matrix ; RACE, rapid amplification of cDNA ends ; RP43, 43 kDa Riftia pachyptila polypeptide ; RT-PCR, reverse-transcriptase-mediated PCR ; 1iNaCl/sodium citrate (' 1iSSC ') is 0.15 M NaCl/0.015 M sodium citrate. 1 These authors contributed equally to this paper. 2 To whom correspondence should be addressed (e-mail jdelach!u-bourgogne.fr).
The nucleotide sequence data reported will appear in DDBJ, EMBL and GenBank2 Nucleotide Sequence Databases under the accession number AF233595.
actions. This peculiarity strongly suggests that RP43 might have a crucial role in tightening the different elements of the worm tube. However, the absence of chitin-binding motifs inclines us to favour a role in protein-protein interactions during assembly of the tube components. The RP43 mRNA was found to be present in specific epidermal cells from the worm body wall but never in the chitin-synthesizing gland cells. This unexpected result clearly indicates that the major tube protein is synthesized in specialized areas of the outer epithelium and that at least two different tissues are involved in the synthesis of the exoskeleton.
Key words : binding protein, β-chitin, deep sea, hydrothermal vents, marine biopolymers.
origin of this tube component, Northern blot and hybridization analyses in situ were performed on tissues from different regions of this deep-sea worm.
MATERIALS AND METHODS

Materials
Riftia pachyptila samples were collected on the East Pacific Rise depth by the Nautile and Al in submersibles (HERO 94, LAR-VAE 95, HOT 96 and HOPE 99 cruises, 2600 m depth). The tube worm is made of four successive regions ; from the upper to the most basal part these are the plume (also called the obturaculum), the vestimentum, the trunk and the opisthosome (reviewed in [3] ). After dissection on board ship, the tissues were frozen in liquid nitrogen and stored at k80 mC or fixed in Bouin solution for histological study [12] .
Protein extraction
Riftia pachyptila tubes were homogenized in liquid nitrogen, then extracted for 12 h at 4 mC in one of three different extraction solutions containing a protease inhibitor mixture (10 mM EDTA\10 µg\ml leupeptin\10 µg\ml pepstatin\0.02 % PMSF) : (1) 10 mM Tris\HCl, pH 7.5, containing 0.5 % SDS, (2) 10 mM Tris\HCl, pH 7.5, containing 2 % (w\v) SDS or (3) 10 mM Tris\ HCl, pH 7.5, containing 8 M urea. Homogenates were centrifuged at 10 000 g for 10 min at 4 mC ; the supernatants were then extracted with 3 vol. of acetone and the samples were stored at k20 mC overnight. The proteins were harvested by centrifugation at 10 000 g for 20 min at 4 mC, washed twice with acetone and centrifuged for 10 min at 10 000 g. The pellets were dried and used for further analysis. Protein concentrations were determined by the method of Bradford [13] with BSA as a standard.
One-dimensional and two-dimensional PAGE
The protein pellets were dissolved in sample buffer [125 mM Tris\HCl (pH 6.8)\4 % (w\v) SDS\0.02 % Bromophenol Blue\ 10 % (v\v) glycerol\4 % (v\v) 2-mercaptoethanol], then heated for 3 min at 90 mC and separated on SDS-slab gels as described by Laemmli [14] , with a 12.5 % (w\v) polyacrylamide running gel. Polypeptides were either stained with Coomassie Brilliant Blue R-250 or blotted to PVDF sheets [15] . Protein molecular mass standards from 14 to 94 kDa (Bio-Rad) were used to estimate the apparent molecular masses of the separated polypeptides.
Two-dimensional electrophoresis was performed by the method of O'Farrell et al. [16] . Dried pellets of sample proteins were solubilized in sample buffer [9.5 M urea\4 % ampholites (pH 3.5-10 ; Pharmacia LKB)\2 % (w\v) CHAPS\5 % (v\v) 2-mercaptoethanol]. The gel for the first dimension consisted of 9 M urea, 4 % ampholites, 2 % (w\v) CHAPS and a 13 % (w\v) solution of polyacrylamide [30 % (w\v) acrylamide\1.6 % (w\v) bisacrylamide]. After migration (16 V\h per cm#), gels in the first dimension were placed for 15 min in equilibration buffer [62.5 mM Tris\HCl (pH 6.8)\2.3 % (w\v) SDS\10 % (v\v) glycerol\12.5 % (v\v) 2-mercaptoethanol]. For electrophoresis in the second dimension, 10 % (w\v) polyacrylamide gels were used [14] . Gels were then stained with silver [17] .
Protein purification, enzymic cleavage in situ and protein microsequencing
Samples were separated on SDS-slab gels, blotted to PVDF sheets with a semi-dry electroblotter (Bio-Rad) and stained in a solution of 0.1 % Ponceau S dye.
The 43 kDa polypeptide bands were pooled and digested in situ with bovine trypsin (0.28 µg\µg of protein ; Boehringer) for 24 h at 37 mC in 100 mM Tris\HCl (pH 8)\1 % (v\v) Triton X-100\10 % (v\v) acetonitrile\4.5 mM dithiothreitol\10 mM iodoacetamide. The cleavage fragments were separated by reversephase HPLC by the method of Aebersold et al. [18] on an RP-18 LiChrospher column (250 mmi4 mm ; Merck) using water and HPLC-grade acetonitrile, each containing 0.1 % (v\v) trifluoroacetic acid. All experiments were performed at a flow rate of 1 ml\min, with a linear gradient of 1.6-95 % (v\v) acetonitrile over 70 or 98 min. The A ##! was checked with a Waters 996 photodiode detector. A second purification was performed for three fractions that gave poor resolution, with a non-linear gradient [10-24 % (v\v) acetronitrile in 10 min, 24-74 % in 65 min and 74-95 % in 5 min] and heptafluorobutyric acid instead of trifluoroacetic acid. Peptide-containing fractions were dehydrated with a SpeedVac concentrator, then dissolved in 5 µl of water, acidified with 5 µl of formic acid and spotted on fibreglass coated with BioBrene4. Sequencing was performed at the Institut de Biologie et de Chimie des Prote! ines (Universite! Lyon 1, Lyon, France) on an Applied Biosystems 470A gasphase sequenator in accordance with the manufacturer's recommendations.
RNA isolation
Total RNA from different tissues was extracted as described previously [19] . Poly(A)-rich RNA was purified by affinity with oligo(dT)-cellulose [20] . The amount and purity of each RNA sample were estimated from spectrophotometric measurements at 260 and 280 nm.
Reverse-transcriptase-mediated PCR (RT-PCR)
Poly(A)-rich RNA was used as a template for reverse transcription with an oligo(dT)-anchor primer [21] and Superscript II reverse transcriptase (Life Technologies). The resulting cDNA was used as a template for PCR ; degenerate primers were designed from the amino acid sequences of purified peptide fragments.
The product was amplified by PCR. Each cycle consisted of 1 min at 94 mC, 1 min at different annealing temperatures and 2 min at 72 mC, repeated for 30 cycles, then 17 min at 72 mC for the last cycle extension step. The annealing temperatures tested were : 48 or 50 mC for 30 cycles, or 5 cycles at 42 mC and 25 cycles at 52 mC. The reaction was performed in 20 µl containing 50 pmol of each primer, 0.3 mM deoxynucleotides and 0.1 unit of Taq polymerase (Life Technologies) in the appropriate enzyme buffer. Separation of PCR products was performed on a 1 % (w\v) agarose gel and DNA purification was performed on an anionexchange column after solubilization of the gel-containing band (Sigmapur). Fragments were subcloned in a T\A cloning plasmid (pGEM-T Easy ; Promega) and sequenced by the dideoxy chaintermination method [22] .
Rapid amplification of cDNA ends (RACE) PCR
On the basis of the sequence of the fragment obtained by RT-PCR, specific primers were synthesized and used for RACE. Poly(A)-rich RNA (2 µg) was reverse transcribed with an oligo(dT)-anchor primer [21] . A nested PCR for 30 cycles was performed with the anchor primer in combination with a specific primer, then with a second specific primer. Each of the 30 cycles consisted of 1 min at 94 mC, 1 min at the annealing temperature (50 mC for the first 5 cycles and 60 mC for the 25 subsequent cycles) and 3 min at 72 mC, the extension step at 72 mC for the last cycle lasted for 17 min. The amplified product was purified and cloned as described above for RT-PCR.
For 5h RACE, the first-strand cDNA, 3h-tailed with terminal deoxynucleotidyl transferase and dCTP, was used as a matrix for second-strand cDNA synthesis, with 1 µM poly(G) adapterprimer, 50 µM dNTPs in one PCR cycle with 0.1 unit of Taq polymerase. The PCR conditions were as described above for 3h RACE. The amplified products were purified and cloned as for RT-PCR.
Sequence analysis
The signal peptide was located with the SignalP program [23] . Multiple sequence alignments were performed with the CLUSTAL program [24] .
Northern blot analysis
Total RNA was separated on a formaldehyde\agarose (0.8 %) gel and transferred on to a Hybond-N + nylon membrane (Amersham). Equal RNA loading (10 µg) on gel lanes was checked by UV after staining of ribosomal RNA with ethidium bromide. Prehybridization and hybridization were performed at 65 mC in 5iNaCl\sodium citrate\5iDenhardt's solution\10 % (v\v) dextran sulphate\0.5 % SDS\250 µg\ml salmon sperm DNA with [α-$#P]dCTP random-primed DNA probe. After hybridization, membranes were successively washed twice for 20 min in 2iNaCl\sodium citrate\0.1 % SDS at room temperature and in 0.2iNaCl\sodium citrate\0.1 % SDS at 65 mC. Autoradiography was performed with Kodak Biomax MR film. Characterization of a cDNA encoding RP43
Hybridization in situ
The [α-$#P]dCTP random-primed DNA was used as a probe for hybridization in situ to mRNA on Riftia pachyptila cryosections deposited on poly-(-lysine)-coated slides. After three washes, sections were incubated in 0.2 M HCl for 10 min and acetylated with anhydrous acetic acid, then dehydrated in an ethanol series [70 %, 95% and 100 % (v\v)]. Dehydrated sections were incubated for 1 h at 25 mC in prehybridization buffer (4iNaCl\ sodium citrate\1iDenhardt's solution) and the probe, dissolved in hybridization buffer [50 % (v\v) formamide\10 % (v\v) dextran sulphate\1iDenhardt's solution\4iNaCl\sodium citrate\500 µg\ml salmon sperm DNA], was deposited on each section for 16 h at 42 mC. After six washes (20 min each) in 4iNaCl\sodium citrate, slides were dehydrated, coated with Ilford K5 emulsion and exposed for 4 days, then counterstained with light-green dye [12] before examination. Control sections fixed in Bouin solution were stained with Azan [12] .
RESULTS
RP43 protein purification and microsequencing
Tube protein extracts from Riftia pachyptila were analysed by SDS\PAGE. Three different extraction solutions were tested and optimal results, i.e. a wide range of polypeptides sorted with a good extraction yield, were obtained with extraction buffer consisting of 10 mM Tris\HCl, pH 7.5, and 8 M urea. Under these conditions, several main bands were revealed after staining with Coomassie Blue (Figure 1A ), the band with an apparent molecular mass of 43 kDa seeming to be a major one. Analysis of spots obtained after two-dimensional electrophoresis ( Figure  1B ) indicated that the 43 kDa band corresponded to a single polypeptide, called RP43.
This polypeptide was therefore chosen for further studies. Tube protein extract (500 µg) was separated by SDS\PAGE, the RP43 band was transferred to PVDF sheets and submitted to enzymic in situ cleavage. Tryptic fragments were separated by HPLC (Figure 2A ). Of the five peaks collected (1, C, E1, E2 and P), three of them (C, E1 and E2), which were obtained with a poor resolution, were purified again as illustrated in Figure 2 (B) for the E1 peak. Finally, five fragments were submitted to microsequencing and used for the design of oligonucleotides. A PIR\SwissProt\GenBank 2 database search for sequence identities showed that the different fragments share no identity with known proteins.
Isolation and sequence analysis of RP43 full-length cDNA
A PCR approach with cDNA from obturaculum, vestimentum, trunk and opisthosome was chosen to isolate the RP43 cDNA. Degenerate amplification primers were designed on the basis of the amino acid sequence of the five different tryptic fragments. Different PCR programmes were used and three fragments of around 500, 650 and 930 bp from the vestimentum cDNA were subcloned in pGEM-T Easy (Promega) and sequenced. An alignment of their sequences showed that they belonged to the same cDNA. The sequences of the four tryptic fragments E1, C, E2 and P were found in the deduced amino acid sequence from the three cDNA fragments obtained, allowing us to conclude that these fragments belonged to the RP43 cDNA.
The full-length cDNA (GenBank2 accession number AF233595) was obtained by 5h and 3h RACE with specific primers deduced from the 930 bp cDNA fragment (Figure 3 
Figure 2 Reverse-phase HPLC fractionation of tryptic fragments from digested 43 kDa band
(A) Peptide peaks from digestion in situ of the 43 kDa band. Peaks 1 and P (in black) were microsequenced. Peaks C, E1 and E2 (in grey) were subjected to a second HPLC separation before microsequencing. (B) Second HPLC separation of E1 peak (in black).
Figure 3 RP43 cDNA and deduced amino acid sequences
The predicted signal peptide sequence is underlined and the putative cleavage site is indicated by a downward arrow. The putative polyadenylation site is shown in bold. The sequences of the five tryptic fragments are doubly underlined. The positions of the three CUB domains are enclosed in shaded boxes.
residue predicted signal peptide were found. Three CUB domains (100-110-residue-spanning domains first reported in the complement subcomponents C1r\C1s and also in epidermal-growthfactor-related sea urchin protein and bone morphogenetic protein 1) were also localized at positions 84-188, 193-303 and 309-418 ( Figure 3) . A multiple sequence alignment (Figure 4 ) of these three RP43 domains showed 71-73 % of amino acids corresponding to the consensus CUB signature defined by Bork and Beckmann [25] . In addition, if reference is kept by the conserved 15 hydrophobic and four aromatic residues (in bold in Figure 4) forming the core of the domain structure [26] , agreement reaches 80 % for hydrophobic residues and 100 % for aromatic ones. It is important to note that in both cases most of non-corresponding amino acids are similar to exceptions known in other CUB domains. If only the three RP43 CUB domains are considered in the alignment, 36-45 % pairwise amino acid identity can be observed, which is consistent with results obtained into other multi-CUB proteins [25] . When all CUB domains present in Figure 4 are subjected to pairwise identity alignments with the three domains of RP43, identities obtained range from 23 % to 36 % with an average of 29 %. Similar percentages are observed in overall CUB domains pairwise identity alignments [25] .
Distribution of the RP43 transcript
The expression pattern of RP43 was examined in different anatomical regions. The obturacular region, with its branchial plume, is the primary exchange surface of the animal. The vestimentum serves to hold the plume out of the tube opening in the external seawater. The trunk houses endosymbiotic bacteria and the opisthosome acts as a holdfast, against which the worm can move into the tube. Northern blot hybridizations were
Figure 4 Multiple alignment of RP43 CUB domains with other proteins
The three CUB domains of RP43 (RP43/Rifpa-1 to 3) were aligned with : A5p/Xenla-1 (SwissProt accession number P28824), the first CUB of Xenopus laevis neuronal cell surface type I membrane protein ; BMP1/Human-1 (P13497), the first CUB of human bone morphogenetic protein 1 ; BP10/Parli-1 (P42674), the first CUB of sea urchin blastula Zn-metalloprotease 10 ; C1r/Human-2 (P00736), the second CUB of human complement C1r component ; TLD/Drome-5 (P25723), the fifth CUB of Drosophila melanogaster dorso-ventral patterning Tolloid metalloprotease ; and TSG6/Human (P98066), the only CUB of human tumour-necrosis-factorinducible protein. The accession numbers in parentheses were used for consultation about the structures and functions of these proteins as well as for primary references. The two disulphide bonds (-S-S-) between nearest-neighbour cysteine residues (Cys-1-Cys-2 and Cys-3-Cys- performed on 10 µg of total RNA isolated from obturacular, vestimental, trunk and opisthosomal regions ( Figure 5 ). With the 500 bp PCR fragment as a probe, a single transcript of 1.8 kb (a size consistent with that of RP43 cDNA) was observed in vestimentum and trunk but no signal was detected in the opisthosome or in the obturaculum ( Figure 5 ).
To determine the spatial distribution of the RP43 transcript, hybridization analysis was performed in situ on Riftia pachyptila sections with the 500 bp cDNA probe. RP43 mRNA was restricted to epithelial cells under apical cuticular plaques ( Figure  6A ) that are present only in the vestimentum and in the anterior part of the trunk body wall. No label was observed in other outer epidermal cells or in other tissues. Azan-stained sections ( Figures  6B and 6C ) permitted the identification of the different vestimentum tissues hybridized in situ. The specificity of this localization in situ was checked by using another epidermal cDNA probe that labelled epidermal cells but not the apical cuticular plaque cells (results not shown).
DISCUSSION
RP43, a CUB-domain-containing protein
The electrophoretic protein profiles of Riftia pachyptila tube were already analysed in a previous study [11] . Thirteen major electrophoretic bands, grouped in four triplets (approx. 23, 28, 35 and 43 kDa), were found in different tube extracts. The relative intensities of these bands differed from one tube to another, suggesting individual variability in the tube protein pattern. In any one tube, the pattern was also different between the inside layers and external ones, which were synthesized earlier. However, the major 43 kDa band was always present in these different extracts ; from two-dimensional electrophoresis analysis it corresponds to a single polypeptide. The fact that the amino acid sequence deduced from the full-length cDNA obtained contains the five tryptic sequences confirms that this cDNA corresponds to the 43 kDa polypeptide. Moreover, the deduced molecular mass and pI are consistent with the values estimated from the electrophoretic study.
The CUB domains found in RP43 indicate that this protein is a new member of a large (more than 151) and functionally diverse protein group possessing one or several spanning domains of approx. 110 residues [25] that bind ligands. Structure analysis on crystallized CUB domains showed that they are built from ten β-strands arranged into a sandwich of two five-β-stranded sheets, each sheet of the sandwich containing one parallel and four antiparallel β-strands [26] . The first CUB proteins were described in C1r\C1s [27, 28] , epidermal-growth-factor-related protein (fibropelline) of the sea urchin [29] , the vertebrate bone morphogenetic protein 1, similar with Drosophila Tolloid [30] , and spermadhesins (reviewed in [31] ).
All these proteins possess a signal peptide, implying extracellular localization. The presence of a signal peptide in the RP43 sequence confirms that this polypeptide extracted from the extracellular tube structure is actually an extracellular component. Sequence alignments showed that the RP43 CUB domains present 19 highly conserved positions forming the core of the domain [26] and that it is a pertinent member of the family of proteins containing CUB domains. Almost all CUB domains contain four cysteine residues, which probably form two disulphide bridges (Cys-1-Cys-2, Cys-3-Cys-4) as shown for C1r and C1s [32] and spermadhesins [33] [34] [35] . The fact that C1r, C1s and spermadhesins have the same arrangement of the disulphide bridges is a further indication of their structural similarity and of their functional relationships. However, several CUB-domain residues are not conserved, suggesting that the different domains might have distinct binding specificities and thus different ligands, which might be carbohydrates, glycoproteins or phospholipids [31] .
No CUB proteins have been found in arthropod cuticles or in invertebrate exoskeletons but most of them are known to be involved in binding processes, facilitating cell-cell or matrix- matrix interactions. We can therefore propose that RP43 might bind a ligand that could be either proteins or chitin, the two main tube components known so far. However, chitin binding seems unlikely because all other sugar-binding CUB proteins have acid polysaccharidic ligands [36] , whereas chitin is neutral.
Spermadhesins (AWN, AQN-1 and AQN-3), each with a single CUB domain, bind mainly glycoproteins of the zona pellucida surrounding the oocyte or sperm surface [31] . Cubilin, possessing 27 CUB domains, binds the intrinsic factor-vitamin B12 complex by its CUB domains 5-8, and also a receptorassociated protein by its CUB domains 13-14 [37] . In Drosophila, Tolloid binds the protein Decapentaplegic, a member of the transforming growth factor β family [30] . From these studies it is more likely that RP43 is involved in protein-protein interactions than in direct chitin binding. However, the possibility cannot be dismissed that RP43 might establish some bridges with chitin via an association with glycosylated chitin-binding proteins that are also present in the tube (results not shown).
Distribution of the RP43 transcript
From the Northern blot analysis, the RP43 mRNA was localized only in vestimentum and trunk body wall. This distribution is in agreement with the finding that these two regions are involved in tube wall synthesis because they are rich in chitin-producing glands [3] . In contrast, the obturacular region, which is lacking in such glands and is therefore considered a non-secreting exoskeleton tissue [3] , was found to be lacking also in RP43 transcripts. However, the correlation between the distribution of RP43 mRNA and chitin-producing gland regions cannot be applied to the opisthosome. Indeed, this basal part presents two types of gland [3] , including those that secrete chitin, and is thought to be involved in tube wall production. The second type of gland would provide additional proteins acting in the plugging of the tube distal part [3] but we failed to detect RP43 mRNA in this region.
The hybridization in situ revealed that the RP43 mRNA is restricted to cells underlying apical cuticular plaques associated with a set of muscles homologous with adductor and abductor muscles described in the vestimentiferan worm Lamellibrachia barhami [38] . Both Van der Land and Nørrevang [39] and Webb and Ganga [38] have suggested that this system assists in the movement of the animal within its tube. These plaques are numerous on the outer surface of the vestimentum and on the anterior part of the trunk epidermis [3] . This distribution could explain the greater abundance of RP43 mRNA in the vestimentum wings than in the whole trunk body wall observed in Northern blot analysis. In the same way, its absence in the opisthosome could easily be related to the lack of plaques in this area.
Such a restricted distribution of the RP43 mRNA is somewhat surprising because it is generally admitted that the chitin-secreting glands (the so-called pyriform glands) are the site of secretion of tube components [3, 5, 10] . Putative protein material linked to chitin microfibrils has been observed at the ultrastructural level in these tissues, i.e. before their secretion outside the organism [2, 5] . Nevertheless, no defined results have been published on protein synthesis by these glands. Our results indicate clearly that a major tube protein is synthesized in specialized areas of the outer epithelium and that at least two different tissues are involved in the exoskeleton synthesis. The chitin-secreting glands, which were previously thought to be the site of synthesis of tube wall components [10, 40] , seem to be mainly devoted to chitin production, whereas the outer epidermis would be specialized in the synthesis of major protein components. Tube wall formation would therefore be a two-step process : first, chitin crystallites are polymerized and bound to chitin-binding proteins in the gland lumen, and secondly, bridging proteins such as RP43 are involved in final embedding outside the glands, i.e. in the surrounding seawater, at the meeting point of chitin microfibrils with major proteins.
Conclusion
The present characterization of a new CUB-domain-containing protein, involved in the construction of the Riftia pachyptila tube, opens the way to further studies including the characterization of other major protein components, binding experiments and functional studies with recombinant mutated proteins. Such approaches could lead to a good understanding of proteinprotein and protein-chitin interactions in this exoskeleton, which is probably a better model for the study of these interactions than arthropod cuticles, in which chitin fibres are very thin and the protein fraction is far more complex.
